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The out-of-plane g-factor g∗⊥ for quasi-2D holes in a (100) GaAs heterostructure is studied using
a variable width quantum wire. A direct measurement of the Zeeman splitting is performed in a
magnetic field applied perpendicular to the 2D plane. We measure an out-of-plane g-factor up to
g∗⊥ = 5, which is larger than previous optical studies of g
∗
⊥, and is approaching the long predicted
but never experimentally verified out-of-plane g-factor of 7.2 for heavy holes.
The manipulation and control of the spin degree of
freedom for representing and carrying information is one
of the key ideas being put forward for electronic devices
in the near future and the realisation of quantum com-
putation [1]. Quantum confined holes in semiconductor
nanostructures are interesting candidates for spintronics
applications [2], due to the strong spin-orbit coupling in
the valence band of direct-gap materials such as GaAs.
The p-like valence band states mean that the total an-
gular momentum of holes J = l + s = 3/2 [3]. One
manifestation of the intriguing spin-3/2 nature of holes
is a strong anisotropy in the transport properties of hole
systems fabricated on GaAs/AlGaAs heterostructures in
the presence of an external magnetic field [4–7].
Confinement affects the orbital freedom of the carri-
ers, which in the presence of strong spin-orbit coupling,
will directly influence spin. For example, for two dimen-
sionally (2D) confined heavy holes on the (100) GaAs
surface, the Lande´ g-factor g||(k = 0) = 0 for in-plane
directions, but g⊥(k = 0) = 6κ = 7.2 for the out-of-plane
perpendicular direction [4], where κ is a parameter orig-
inally introduced by Luttinger [8]. This anisotropy has
been established theoretically for over two decades, and
is known to occur as a result of the two dimensional con-
finement forcing the quantization axis for total angular
momentum J to point out of the 2D plane [3].
Studies of the Zeeman splitting of holes in GaAs for
in-plane directions have found a very small g-factor con-
sistent with theory [6, 7, 9–12]. However, despite a num-
ber of attempts over the past 20 years [13–17], none have
been able to experimentally replicate the large predicted
out-of-plane g-factor of 7.2. Moreover, there still exists a
lack of consensus in the experimental data, with the mea-
sured g∗⊥ varying from -0.7 to 2.9, meaning the theory
has so far remained unsubstantiated. This discrepancy
between theory and experiment is possibly due to the
fact that optical studies are based upon measurements of
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bound excitons, where the lateral confinement prevents
measurements in the 2D limit [15, 16].
An alternative method of measuring the g-factor in two
dimensions is through transport measurements, using the
tilted field Landau level coincidence method pioneered by
Fang and Stiles [18]. Whilst applicable to electron sys-
tems, a significant drawback to this approach is that it
assumes an isotropic g-factor and a parabolic band struc-
ture, neither of which is the case for 2D holes. Further-
more, this technique cannot show whether the Zeeman
splitting is linear in B, as it is not a spectroscopic tech-
nique; it only measures the ratio of the Zeeman spitting
to the cyclotron energy at a single value of B [19].
In this paper, we circumvent the limitations of the
Fang and Stiles method by directly measuring Zeeman
splitting in a hole quantum wire to extract g∗⊥. Confin-
ing the 2D holes to a one-dimensional (1D) channel makes
it possible to perform energy spectroscopy and directly
measure the g-factor at the 1D subband edges [6, 7, 9].
The width of the channel can be tuned from the 1D limit
where a single mode is occupied, up to the quasi 2D limit
where a large number of modes are occupied. The g-
factor can thus be measured quantitatively between the
1D and 2D limits, for different magnetic field orienta-
tions.
The use of a magnetic field perpendicular to the plane
of the quantum wire introduces complications due to the
coupling to the orbital motion and the formation of Lan-
dau levels. This limits measurements to low magnetic
fields, making the spin-splitting small and hard to re-
solve. We thus employ a novel method to measure Zee-
man splitting for lower subbands: The 1D subbands are
first spin resolved in an in-plane field, then a small in-
creasing out-of-plane field is applied whilst the in-plane
component of the field is held constant. This allows the
splitting to be easily resolved and quantified in small per-
pendicular fields below the quantum Hall regime.
We now turn to our experiment. The 1D wire was fab-
ricated from a (100)-oriented heterostructure, in which
2D holes are induced at an Al0.3Ga0.7As/GaAs inter-
face by applying a negative voltage (-0.7V) to a heav-
ily doped cap layer. The peak 2D hole mobility was µ =
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2FIG. 1. (a) Schematic diagram of the sample mounted on an
in-situ rotation system, showing the orientation of the field
with respect to the wire. Inset: SEM image of quantum wire.
(b) Zeeman splitting in an in-plane parallel magnetic field.
A greyscale plot of the transconductance ∂G/∂VSG is shown
with dark regions corresponding to conductance plateaus (low
transconductance) and bright regions corresponding to the
risers between plateaus (high transconductance). The su-
perimposed numbers indicate the subband index. (c) The
conductance G versus VSG measured at B = 0 T, which
corresponds to a horizontal slice through the bottom of the
greyscale plot in (b).
4.8×105 cm2 V−1s−1 at a density p = 1.3×1011 cm−2 and
temperature T = 100 mK. The 400 nm long and 200nm
wide 1D channel, oriented along the [011] direction was
defined by electron-beam lithography and shallow wet
etching of the cap layer (see inset Fig.1(a)). Measure-
ments were carried out in a dilution refrigerator using
standard ac lock-in techniques at 17 Hz, with the sam-
ple mounted on an in-situ rotation system [20] (see Fig.
1(a)).
The Zeeman splitting was measured with the field ap-
plied in different orientations with respect to the quan-
tum wire (see Fig. 1(a)): In-plane and parallel to the
wire, out-of-plane and perpendicular to the wire, and fi-
nally, tilted to angles in between these two configurations.
The effective g-factors for all measurements were calcu-
lated using a technique that combines Zeeman splitting in
a magnetic field with splitting due to a source drain bias
at B = 0 [21]. The Zeeman splitting of the 1D subbands
FIG. 2. (a) Zeeman splitting in an out-of-plane perpendicu-
lar magnetic field. A greyscale plot of the transconductance
∂G/∂VSG is shown with magnetic field on the y-axis and VSG
on the x-axis. (b) The Zeeman energy splitting of each sub-
band is plotted as a function of magnetic field for both field
orientations. The splitting is linear for both directions. Note:
the Zeeman splitting of the first subband has been offset by
100 µeV for clarity.
is measured as a splitting in gate voltage ∆VSG(B) from
conductance traces. A similar splitting in gate voltage,
∆VSG(VSD), can also be induced with an applied d.c.
source-drain bias, which separates the potentials of the
source and drain by the bias energy eVSD [22]. The lever
arm, α = ∂VSD/∂VSG, extracted from source drain bias
measurements allows one to convert the measured Zee-
man splitting in gate voltage to an energy ∆EZ(B). Full
details of this measurement technique are given in the
supplementary information [23]. We tuned the 1D chan-
nel width by applying a voltage VSG to two side gates,
as shown in Fig. 1(a), and measured the g-factor versus
1D subband index n.
Measurements of the Zeeman splitting with the mag-
netic field applied in-plane and parallel to the quantum
wire are shown in Fig. 1. Figure 1(c) shows the clean con-
ductance plateaus measured at B|| = 0 [24, 25]. As the
side gate voltage is made more positive, the hole chan-
nel is made narrower, and is eventually pinched off. At
the widest point where six subbands are occupied, the
electrical width of the quantum wire can be estimated
using the known carrier density to calculate the Fermi
wavelength. We find width ≥ 180nm in good agreement
with the lithographic width of 200nm. A greyscale plot
of the transconductance ∂G/∂VSG, is presented versus
magnetic field on the y-axis and VSG on the x-axis in Fig.
1(b). The bright regions correspond to high transconduc-
tance, which are the risers between plateaus in the con-
3ductance in Fig. 1(c), hence marking the 1D subband
edges. With the field aligned along the quantum wire,
there is a strong linear Zeeman splitting of the 1D states
with clear crossings between adjacent 1D subbands at
higher fields. The Zeeman splitting in gate voltage was
measured directly from Fig. 1(b), and converted to an
energy splitting ∆EZ(B) (open data points in Fig. 2(b))
using the lever arm α [23].
We now extract the effective Lande´ g-factors g∗|| for
the in-plane direction using two methods. The Zeeman
energy splitting of the nth degenerate subband is given
by ∆EZ = g
∗
nµBB [6]. Hence, the g-factor is simply
the gradient of the Zeeman energy splitting in Fig. 2(b)
multiplied by the factor e/µB . The solid blue squares
(Fig. 4) show g∗|| obtained using this gradient method.
In the second method, the field at which the spin down
level of the nth subband crosses the spin up level of the
(n+1)th subband (from Fig. 1(b)) is combined with the
corresponding subband crossing in the d.c. source drain
bias data. This gives an average effective g-factor for the
nth and (n+1)th subbands, < g∗n, g
∗
(n+1) > [21]. Values
of g∗|| calculated using this crossing method are shown by
the blue open squares in Fig.4. The in-plane g-factors ob-
tained from both methods are consistent with each other,
and increase from 0.1 to 0.6 for n = 1 to 5. The g-factor
saturates as the wire approaches the 2D limit (large n)
consistent with previous studies for holes [9] and elec-
trons [26].
We note that the first subband shows a kink at 0.7 ×
2e2/h, and an apparent spin-splitting even at B = 0.
This 0.7 feature has been widely investigated [26, 27],
although its origins are still debated [28]. It is unlikely
to be due to spin-orbit coupling effects since it is present
even in systems with weak spin-orbit coupling such as
n-type GaAs. Despite the fact that the first subband is
already split at B = 0, the g-factor can still be extracted
from the slope of ∆EZ(B), consistent with the analysis
for other subbands.
To extract the out-of-plane g-factor g∗⊥, measurements
of the Zeeman splitting were repeated with a magnetic
field of up to 1T applied out-of-plane and perpendicular
to the quantum wire, shown by the greyscale plot in Fig.
2(a). This produces two key differences to the in-plane
case. Firstly, the Zeeman splitting is much larger, requir-
ing much smaller fields to split the 1D subbands: In Fig.
2(a), the subbands are spin resolved well below 0.5 T,
compared to an in-plane field B|| > 2 T needed for spin
splitting. Secondly, there is a strong upward curvature
in the 1D subbands for B⊥. This is due to the additional
confinement induced by the perpendicular field, causing
the subbands to evolve into 2D Landau levels [25, 29, 30].
At zero field, the subbands are purely determined by the
electric confinement from VSG. Once a perpendicular
field is applied, hybrid magneto-electric subbands begin
to form, and as the field is increased, the subbands move
to higher energies, and therefore lower gate bias. Con-
sequently, the analysis of Zeeman splitting is limited to
low fields B < 0.3 T to avoid entering the quantum Hall
FIG. 3. (a) and (b): Greyscale plots of the Zeeman split-
ting in a tilted field: In (a), a 3 T in-plane magnetic field
is first applied parallel to the wire direction to spin resolve
the subbands. Then in (b), the sample is tilted (0o to 10o)
into the perpendicular plane whilst the parallel component
of the field is kept constant. (c) Perpendicular field Zee-
man splitting rates calculated by fitting points to subband
3. This was carried out for 6 different tilted field measure-
ments (B|| = 0 − 5 T). The green points (B|| = 3 T) corre-
spond to data from Fig. 3(b); the light blue points (B|| = 0)
correspond to data from Fig. 2(a).
regime where the cyclotron diameter becomes small and
comparable to the 1D confinement.
The splitting in gate voltage was again converted to an
energy splitting ∆EZ(B), shown by the solid data points
in Fig. 2(b). For an in-plane field, the subbands split but
remain centred at the same VSG. However, in an out-
of-plane field, the levels split but also become shifted to
lower VSG. Since the lever-arm is gate voltage dependent,
this must be accounted for when converting ∆VSG(B) to
∆EZ(B) [23]. It is found that the measured Zeeman
splitting in an out-of-plane field is also linear despite the
curvature of the subbands. This allows an estimate of
the effective out-of-plane g-factor from the gradient of the
data in Fig. 2(b) for B⊥ < 0.3 T. This was carried out for
the 1st, 3rd, 4th and 5th subbands from the data in Fig.
2 (the Zeeman splitting of subband 2 could not be clearly
resolved below 0.3 T). To check that the results are not
4sensitive to cut-off, g∗⊥ was also calculated using only data
up to B⊥ = 0.2 T, and we find that the obtained g-factors
agree within experimental error with those calculated for
B⊥ < 0.3 T. The extracted values of the out-of-plane g-
factor are shown by the open red squares in Fig. 4. It
is clear from the splitting in Fig. 2(b) and the points in
Fig. 4 that g∗⊥ is an order of magnitude larger than g
∗
||,
consistent with theoretical predictions.
We use a novel technique to extract g∗⊥ for the lower
subbands: We first completely resolve the spin with an
in-plane field aligned along the quantum wire (e.g. B|| =
3 T as in Fig. 3(a)). The out-of-plane component of the
field B⊥ is then increased in increments of 0.05 T, while
B|| is kept constant so any additional splitting is due to
B⊥ only (Fig. 3(b)). This is achieved using a rotation
mechanism enabling the sample to remain below 200mK
during rotation [20].
Tilting the sample in this way allows us to resolve the
out-of-plane spin splitting for subband 2 as well as sub-
band 3 in the low field limit (B⊥ < 0.3 T). This measure-
ment was repeated for 5 different values of parallel field
between 1-5 T providing multiple datasets to obtain an
average of the Zeeman splitting rates for both subbands.
The use of tilted fields makes the analysis and sub-
sequent calculation of g∗⊥ more complex, as the Zeeman
splitting is dependent on the total field. The total g-
factor can be expressed in terms of its individual in-plane
and out-of-plane components [15]. When the sample is
subject to a tilted field as in Fig.3 (b), the total Zeeman
splitting ∆ETOT is given by: ∆E
2
TOT = (g⊥µBB⊥)
2
+
(g||µBB||)
2
. Hence, plotting (∆EZ(B))
2 versus B2⊥ will
result in a linear relationship with a gradient propor-
tional to g2⊥, as observed in Fig. 3 (c). This data is anal-
ysed only for the 2nd and 3rd subbands, as the higher
subbands rapidly merge together and cross, so that spin-
splitting cannot be clearly resolved. The square of the
energy splitting was measured for each B|| dataset, as
shown in Fig.3 (c) for subband 3. We observe a linear
Zeeman splitting as a function of out-of-plane field for
B⊥ < 0.3 T, which allows the calculation of g∗⊥ for the
2nd and 3rd subbands.
The g∗⊥ values extracted from these tilted field mea-
surements, averaged over five B|| datasets (1-5T), are
shown by the red solid circles in Fig. 4. g∗⊥ obtained for
subband 3 shows good agreement between the fully per-
pendicular field and tilted field measurements, validating
the tilted field measurement technique.
We find that the effective Lande´ g-factors measured for
the out-of-plane direction are significantly larger than the
in-plane g-factors: The anisotropy of the spin splitting
g∗⊥/g
∗
|| exceeds 8.5. This large anisotropy agrees with the
theoretical prediction that the natural quantization axis
for 2D heavy holes is pointed out-of-plane [3]. The out-of-
plane g-factor g∗⊥ appears to grow larger with increasing
subband index, as the quasi 1D system becomes more
two-dimensional. This may be explained by the natural
quantization axis reorienting from out-of-plane in the 2D
limit to along the wire in the 1D limit [9]. Since the
FIG. 4. The effective Lande´ g-factor g∗n is plotted as a function
of 1D subband index n. The in-plane g-factors g∗|| were cal-
culated using both the crossing method (open blue squares)
and gradient method (solid blue squares) from the Zeeman
splitting measurements in Fig.1 (a). g∗⊥ was calculated from
both the out-of-plane perpendicular Zeeman splitting mea-
surements in Fig.2 (a) (for subbands 1,3,4 and 5 shown by
open red squares), and from the tilted field Zeeman splitting
measurements in Fig.3 (b) (for subbands 2 and 3 shown by
solid red circles).
quantization axis is perpendicular to B in the 1D limit,
the spin-splitting of heavy hole states is suppressed for
low subband index. Furthermore, for the lower subbands
which correspond to stronger confinement, we observe
g∗⊥ < 3, consistent with the optical studies of highly con-
fined excitons [13–17]. When the channel is much wider
at n = 5, we find that g∗⊥ ' 5, approaching the theoretical
2D limit of 7.2 [4]. Higher subbands cannot be resolved
with our device, but we note that in electron quantum
point contacts, the system draws near the bulk g-factor
by the 10th 1D subband [26]. Our measured trend is also
qualitatively consistent with recent theoretical work in
which the g-factor in a hole quantum wire was found to
increase as the wire becomes more 2D-like [31].
In the case of the hole in-plane g-factor, there is again
an increase in g∗|| with subband index, however it is of
a much smaller magnitude. This trend is in agreement
with results published earlier [9], and may be due to the
dependence of g∗|| on the wave vector kn.
In 1D electron systems it is well established that
the g-factor increases as the system becomes more one-
dimensional, due to the increasing importance of ex-
change and correlation effects at low densities [26]. In
contrast, for the hole system studied here, the g-factor
decrease as the system is made more one dimensional,
which suggests that there is no exchange enhancement
for [100] heavy holes in GaAs. It is interesting to note
that there are also suggestions that there is an absence
of exchange enhancement in 2D hole systems, based on
a comparison of experimental and theoretical analyses of
subband depopulation by in-plane fields [4].
In summary, we have conducted a direct measurement
of Zeeman splitting for heavy holes in GaAs by perform-
5ing energy spectroscopy on a quasi 1D quantum wire. We
have also developed a new method for studying out-of-
plane Zeeman splitting by resolving the spin subbands in
an in-plane field before independently adding an out-of-
plane field. A linear Zeeman splitting was observed in
the low out-of-plane field limit B⊥ < 0.3 T, from which
we extract g∗⊥ of up to 5. Our measurement goes some
way towards resolving the long standing discrepancy be-
tween theory and experiment for the out-of-plane g-factor
of heavy holes in GaAs. These results provide a bridge
between the optical experiments of strongly confined ex-
citons [13–17] and the predicted theory for purely two-
dimensional holes.
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